INTRODUCTION {#s1}
============

Bacterial communities are a diverse component of aquatic ecosystems and important drivers of biogeochemical cycles ([@B1], [@B2]). Bacterioplankton populations exhibit habitat preferences that reflect adaptations to environmental factors such as temperature, salinity, and oxygen as well as the composition and concentration of organic and inorganic nutrients, resulting in the large-scale spatiotemporal diversity patterns observed in aquatic ecosystems ([@B3][@B4][@B5]). Bacterioplankton also exhibit distributions and adaptations in relation to the small-scale environmental heterogeneity characteristic of aquatic environments ([@B6], [@B7]). Suspended particulate matter, including living and dead planktonic organisms as well as particles formed by the aggregation of extracellular organic and inorganic material, provide microenvironmental complexity to the aquatic environment ([@B8]). Carbon and nutrient concentrations are typically higher on these particles than in the surrounding water column, resulting in microniches of concentrated substrates that are colonized by bacteria and are hot spots of microbial activity ([@B8], [@B9]). Bacterial taxa are often characterized as possessing either a particle-associated or a free-living lifestyle, depending on whether they are attached to this suspended material ([@B7]). Differences in cell abundance, morphology, and phylogenetic composition as well as metabolic traits and activities have been shown between free-living and particle-associated bacteria ([@B10][@B11][@B12]). These particles and their associated bacteria play an important role in the carbon cycle through organic matter remineralization and the transport of carbon and microorganisms from the surface to deep waters and sediments ([@B8], [@B13], [@B14]).

Particles and their associated bacteria are well studied in the surface waters of lakes and oceans and, to a lesser extent, in the deep ocean. A much more poorly studied particle-rich environment is the bottom boundary layer of marine ecosystems, which is a turbulent region of the water column just above the sea floor ([@B15]). Typically, the bottom boundary layer in the coastal ocean has a large amount of particulate organic matter suspended by turbulence, including particles sinking from the surface. Bottom boundary layers in coastal settings are also important because microbial decomposition of organic matter is compressed vertically, making them susceptible to hypoxia ([@B16]). Few studies have investigated bacterial diversity or activity in the bottom boundary layer. Owing to the distinct physiochemical characteristics of the bottom boundary layer, it may be colonized by distinctive bacterial taxa important to marine biogeochemistry. This is exemplified by a study of the bottom boundary layer communities along the Oregon continental shelf in the northeast Pacific Ocean, which identified poorly described bacterial lineages, but did not differentiate between free-living and particle-associated fractions ([@B17]).

The Estuary and Gulf of St. Lawrence (EGSL) in eastern Canada is among the largest and most productive coastal ecosystems in the world. The diversity and activity of autotrophic phytoplankton communities have been extensively investigated in the EGSL ([@B18]). Also, important microbially mediated biogeochemical processes involved in carbon and nutrient cycling have received attention ([@B19][@B20][@B23]). Previous studies have reported on the distribution of specific bacterial taxa across the estuarine surface salinity gradient ([@B24]) and on the distribution of metabolic pathways across the stratified waters using meta-omics approaches ([@B25]). However, no information on bacterial community diversity exists for the EGSL, hampering our understanding of the relationships between bacterial community structure and biogeochemical function in this important marine ecosystem.

A common approach for investigating bacterial community structure and activity is through analysis of 16S rRNA gene (rDNA) and transcript (rRNA) diversity and abundances ([@B26][@B27][@B29]). If one assumes that ribosome abundance increases with faster growth and decreases during starvation, as has been shown in bacterial culture, than the 16S rRNA/rDNA ratio may serve as a proxy for growth rate and general levels of metabolic activity. However, correlations between rRNA/rDNA and activity are not always consistent, can differ between taxonomic groups, and may be influenced by ecological strategies ([@B30]). Hence, the rRNA/DNA ratio should be interpreted with caution, and a recent critical evaluation suggested the rRNA/rDNA ratio conservatively represents the protein synthesis potential (PSP) of a population ([@B31]).

In this study, we investigated free-living and particle-associated bacterial community structure and activity in the Lower St. Lawrence Estuary (LSLE). The LSLE is deep and strongly stratified and possesses a characteristic cold intermediate layer and bottom waters that are persistently hypoxic ([@B32]). The LSLE is a major deposition zone for suspended particulate matter, and the bottom boundary layer is well developed, particularly at the head of the LSLE, where increased turbidity is caused by friction of the tides at the sediment-water interface ([@B33]). Our main objective was to determine the habitat preferences for bacterial populations residing in the LSLE. We tested the specific hypothesis that the particles in the deep hypoxic water of the LSLE support a distinct bacterial community compared to that of surface particles and the free-living communities. 16S rRNA amplicon data sets from the DNA and RNA fractions were generated from two size fractions representing the free-living (0.22 to 2.7 μm) and particle-associated (\>2.7 μm) bacterial communities. We used multivariate approaches to explore bacterial community structure across the LSLE and showed that samples could be classified to one of four discrete habitat types defined by depth and size fraction. Next, we used a Bayesian modelling approach to identify and describe bacterial assemblages specifically associated with each habitat type. Finally, we used the PSP values of the dominant members of the bacterial assemblages to assess their potential contributions to the metabolic activities occurring in each of the defined habitat types.

RESULTS AND DISCUSSION {#s2}
======================

Environmental setting. {#s2.1}
----------------------

We investigated bacterial communities along a five-station (S25 to S20) transect of the LSLE in May 2011 ([Fig. 1A](#fig1){ref-type="fig"}). The surface salinity gradient ranged from 21.2 to 28.7 practical salinity units (PSU) with a slight depression in the central region (S22) ([Fig. 1B](#fig1){ref-type="fig"}; [Table 1](#tab1){ref-type="table"}) due to freshwater input from the Saguenay River. Highly stratified and distinct water masses were apparent. The upper water column (1 to 120 m) was characterized by a vertical salinity gradient due to estuarine circulation and the cold intermediate layer. Below the cold intermediate layer, the lower water column was characterized by higher-salinity water and a vertical oxygen gradient. Particle-rich environments were present in the upper and lower water columns. Turbidity (i.e., beam transmission) and measurements of suspended particulate matter showed a general decrease in particle abundance along the surface salinity gradient ([Fig. 1B](#fig1){ref-type="fig"}; [Table 1](#tab1){ref-type="table"}). A similar gradient was observed in the bottom layer, and the greatest particle density occurred in the well-developed bottom boundary layer at S25 (21.35 mg/liter of suspended particulate material).

![Sampling locations (A) and environmental profiles (B) of the LSLE during the sampling campaign from 16 to 21 May 2011. Maps and plots were generated with Ocean Data Viewer ([@B65]).](mSphere.00364-20-f0001){#fig1}

###### 

Environmental parameters for samples collected along the Lower St. Lawrence Estuary transect from 16 to 21 May 2011

  Station   Depth (m)   Temp (°C)   Salinity (PSU)   Oxygen (μmol /kg)   Fluorescence   Beam transmission (%)   SPM (mg/liter)[^*a*^](#ngtab1.1){ref-type="table-fn"}
  --------- ----------- ----------- ---------------- ------------------- -------------- ----------------------- -------------------------------------------------------
  25        3           5.49        21.20            369.73              0.28           78                      3.46
  25        325         4.71        34.36            66.10               0.06           74                      21.35
  23        3           4.74        24.25            412.61              12.31          69                      5.80
  23        80          −0.17       31.78            331.49              0.21           99                      4.48
  23        299         3.66        33.87            104.92              0.12           99                      2.64
  22        3           5.43        22.16            416.06              0.85           73                      9.82
  21        80          0.47        31.81            336.80              0.07           100                     2.65
  21        180         2.49        33.36            166.34              0.01           100                     
  21        314         4.98        34.50            69.65               0.01           92                      6.27
  20        3           6.16        28.67            371.80              0.01           100                     2.67
  20        280         5.03        34.52            77.06               0.01           99                      
  20        316         5.10        34.56            79.23               0.01           97                      3.35

![](mSphere.00364-20-t0001)

SPM, solid particulate material.

Bacterial diversity and community structure. {#s2.2}
--------------------------------------------

Surface waters were dominated by typical marine lineages within the *Alphaproteobacteria*, *Gammaproteobacteria*, and *Flavobacteriales*, although typically, freshwater lineages within the *Betaproteobacteria* and *Actinobacteria* were also common in the upper region of the LSLE ([Fig. 2](#fig2){ref-type="fig"}). Cyanobacteria and chloroplasts were abundant (\>20%) in the particle-associated (PA) fraction from station 22, revealing potential bloom conditions in this region. The lower water column was differentiated from the upper water column communities by the presence of Deltaproteobacteria and the marine group A clade.

![Taxonomic compositions of LSLE 16S rRNA amplicon data sets from the free-living (FL) and particle-associated (PA) size fractions. Columns are arranged in the following order for each sample location: 1, FL-rDNA; 2, FL-rRNA; 3, PA-rDNA; 4, PA-rRNA fractions.](mSphere.00364-20-f0002){#fig2}

Variability in bacterial community structure was assessed using unconstrained nonmetric multidimensional scaling (NMS) analysis of bacterial operational taxonomic unit (OTU) distributions across the rDNA and rRNA data sets. In the NMS ordination plot, samples from the upper water column were well separated from lower water column samples along axis 2 ([Fig. 3A](#fig3){ref-type="fig"}). Samples from the free-living fractions were separated from the particle-associated fractions along axis 1 ([Fig. 3A](#fig3){ref-type="fig"}). Based on these results, at the time of sampling, it appeared that the LSLE bacterial samples originated from four dissimilar habitat types defined by depth and size fraction: upper-water free-living (UW-FL), upper-water particle-associated (UW-PA), lower-water free-living (LW-FL), and lower-water particle-associated (LW-PA) habitats. The DNA and RNA fractions both exhibited this pattern, that is, samples were grouped in the ordination based on habitat compartment and not by nucleic acid type ([Fig. 3A](#fig3){ref-type="fig"}). This observation was verified by analysis of similarity (ANOSIM), which demonstrated a greater difference between particle-associated and free-living fractions (UW, *R* = 0.987, *P* = 0.001; LW, *R* = 0.583, *P* = 0.001) than between rDNA and rRNA fractions (UW, *R* = 0.147, *P* = 0.034; LW, *R* = 0.13, *P* = 0.054). These results reveal similar and overlapping distributions of OTUs in the rDNA and rRNA data sets.

![Habitat partitioning of LSLE samples by depth and size fraction. (A) NMS ordination analysis of 16S rRNA OTUs. Samples are color coded by rDNA or rRNA fractions. PC-ORD reports the stress value as Kruskal's stress formula 1 multiplied by 100. (B) Mixing probabilities of the major assemblages of OTUs identified by BioMiCo analysis. (C) Venn diagram of the distribution of principal OTUs (posterior probability \[PP\] \> 0.002) within the four dominant assemblages.](mSphere.00364-20-f0003){#fig3}

Habitat-associated bacterial assemblages. {#s2.3}
-----------------------------------------

To characterize bacterial diversity and distributions across the four habitat types, we assessed the strength of OTU associations with each habitat using a hierarchical community structure modelling approach termed BioMiCo ([@B34]). Given a set of categorized samples, BioMiCo will identify assemblages (i.e., mixtures of OTUs with a tendency to cooccur) associated with each category. In a previous study, BioMiCo was used to identify and describe bacterial assemblages associated with seasonal periods in the coastal ocean ([@B35]). For the LSLE, we set the categories as the four habitat types revealed by the NMS analysis (UW-FL, UW-PA, LW-FL, and LW-PA). A single major assemblage contributing between 78% and 89% of the posterior density to each category was identified ([Fig. 3B](#fig3){ref-type="fig"}). This result demonstrates that the four habitat types were strongly differentiated from each other by the existence of habit-specific bacterial assemblages.

Owing to the probabilistic modelling employed in BioMiCo, OTUs are not necessarily restricted to a single assemblage but can be associated with multiple assemblages with various strengths. The OTU association strengths across assemblages can provide insight into physicochemical and biological factors shaping bacterial community structure and activity within the LSLE. For example, we identified a total of 234 OTUs that exhibited a strong association (posterior probability of \>0.002) with at least one of the four habitat assemblages ([Fig. 3C](#fig3){ref-type="fig"}). We refer to these as the principal OTUs of an assemblage, similarly other studies ([@B35]). Principal OTUs contained between 26% and 74% of 16S rDNA or rRNA sequences for each sample and so captured a significant amount of the sequence data, including some of the most abundant OTUs. The majority (168) of the principal OTUs were strongly associated with a single assemblage, reflecting bacterial populations with a relatively constrained distribution defined by depth interval (UW or LW) and size class (FL or PA) ([Fig. 3C](#fig3){ref-type="fig"}). The other 66 principal OTUs were associated with two or more habitat assemblages, suggesting a less constrained distribution and perhaps a more generalist lifestyle for these bacterial populations. The greatest overlap of principal OTUs was observed between the free-living and particle-associated assemblages from the same depth interval (20 shared principal OTUs in both cases).

The BioMiCo analysis revealed that bacterial OTUs exhibited strong associations with a habitat type in the LSLE. In the following section, we used the OTU distributions among the four major assemblages to describe habitat preferences and lifestyle strategies of bacterial populations in the LSLE. We also used the PSP values, calculated as log~2~(RNA/DNA) ratios of the principal OTUs, as a proxy for growth rate and general metabolic activity based on the assumption that ribosome abundance increases with growth rate ([@B26][@B27][@B29]). A wide range in PSP values was observed among principle OTUs in all assemblages ([Fig. 4](#fig4){ref-type="fig"}).

![The protein synthesis potential (PSP) values as proxies for metabolic activity of the principal OTUs unique to a single habitat category. PSP values were calculated as log~2~(rRNA/rDNA) for each OTU. Each panel represents one of the four habitat types: UW-FL, upper water column, free living; UW-PA, upper water column, particle associated; LW-FL, lower water column, free living; LW-PA, lower water column, particle associated. Each OTU is colored based on its high-level taxonomic identity. Some OTUs have been labeled with a more specific taxonomic identity. The full taxonomic data are available in [Tables S1](#tabS1){ref-type="supplementary-material"}, [S2](#tabS2){ref-type="supplementary-material"}, [S4](#tabS4){ref-type="supplementary-material"}, and [S5](#tabS5){ref-type="supplementary-material"} in the supplemental material.](mSphere.00364-20-f0004){#fig4}
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Relative abundance and taxonomic identity of dominant OTUs (PP \> 0.002) from the upper water column free-living assemblage. Values in parentheses adjacent to sample identifiers correspond to the percentage of reads that correspond to 10 reads per sample. The highlighted values are those that correspond to ≥10 reads. Only samples where an OTU was represented by ≥10 sequences in both the DNA and RNA fractions were included in the PSP calculation to minimize biases associated with low-abundance OTUs. Download Table S1, XLSX file, 0.1 MB.
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Relative abundance and taxonomic identity of dominant OTUs (PP \> 0.002) from the upper water column particle-associated assemblage. Values in parentheses adjacent to sample identifiers correspond to the percentage of reads that correspond to 10 reads per sample. The highlighted values are those that correspond to ≥10 reads. Only samples where an OTU was represented by ≥10 sequences in both the DNA and RNA fractions were included in the PSP calculation to minimize biases associated with low-abundance OTUs. Download Table S2, XLSX file, 0.1 MB.
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Bacterial assemblages associated with LSLE surface waters. {#s2.4}
----------------------------------------------------------

Freshwater and marine ecosystems are inhabited by phylogenetically distinct bacterial communities ([@B36]), making estuarine salinity gradients sites of rapid species turnover. Despite the salinity variations in LSLE surface waters (21 to 29 PSU), size fraction (free living versus particle associated) appeared to be the principal factor in shaping bacterial community composition and not location along the salinity gradient. Previous work has shown that massive bacterial cell death occurs in the Upper St. Lawrence Estuary ([@B37], [@B38]); hence, the most intense turnover between freshwater and marine communities occurred upstream of the LSLE. Therefore, the majority of primary OTUs within the UW-FL and UW-PA assemblages likely represent taxa indigenous to the brackish-marine LSLE surface waters rather than allochthonous taxa introduced with freshwater. In support of this, the zones of most rapid taxonomic turnover in other systems such as the Baltic Sea and the Delaware Bay estuary occur at salinity concentrations around 10 to 20 PSU, which occurs upstream of S25 ([@B28], [@B39]).

The UW-FL and UW-PA assemblages each comprised 28 unique principle OTUs ([Fig. 3C](#fig3){ref-type="fig"}). As these two assemblages represent sets of cooccurring bacterial populations that are widely distributed across LSLE surface waters, we hypothesize that they are key contributors to organic matter degradation in this marine ecosystem during spring. Both assemblages contained OTUs assigned to taxa typically associated with productive marine environments, including *Alphaproteobacteria* (*Rhodobacterales*, OM38, and SAR11), *Gammaproteobacteria* (*Oceanospirillales*, ZA3412c, and SAR86), and *Flavobacteria* (*Cytophaga*, *Polaribacter*) ([@B40]) ([Fig. 4](#fig4){ref-type="fig"}; see also [Tables S1](#tabS1){ref-type="supplementary-material"} and [S2](#tabS2){ref-type="supplementary-material"} in the supplemental material). An assemblage of a similar taxonomic composition was recently described from the spring bloom in the North Atlantic Ocean ([@B35]). Interestingly, PSP values varied among the OTUs, suggesting differences in their relative metabolic activities. For both the FL and PA assemblages, the most positive PSP values were reported for OTUs assigned to *Gammaproteobacteria* (ZA4311c), while the most negative were reported for OTUs assigned to *Flavobacteria* (*Cytophaga*) ([Fig. 4](#fig4){ref-type="fig"}). Previous temporal studies of bacterial succession across phytoplankton blooms have shown *Flavobacteria* tend to be most active early, while *Gammaproteobacteria* become more active at later stages of the bloom ([@B41]). Hence, the differences in PSP values here suggest the assemblages are associated with the later stages of the spring bloom in the LSLE.

Although unique assemblages were associated with the upper-water FL and PA communities, approximately 40% (20) of principal OTUs in each assemblage were common exclusively to both UW assemblages ([Fig. 5A](#fig5){ref-type="fig"}; see also [Table S3](#tabS3){ref-type="supplementary-material"}). This overlap suggests relatively high connectivity between surface free-living and particle-associated communities and agrees with other studies that have shown that the main differences between free-living and particle-associated communities is in the relative abundance of shared members rather than the complete partitioning between habitats ([@B42]). Hence, there appears to be considerable exchange between free-living and particle-associated communities in the upper water column as populations colonize and detach from particles, as has been predicted from other coastal communities ([@B10]).

![The PSP values as proxies for metabolic activity of the principal OTUs shared between the free-living and particle-associated assemblages from either the UW (A) or LW (B) column of the LSLE. Each OTU is colored based on its high-level taxonomic identity. Some OTUs are labeled with a more specific taxonomic identity. The full taxonomic data are available in [Tables S3](#tabS3){ref-type="supplementary-material"} and [S6](#tabS6){ref-type="supplementary-material"}. (C) A scatterplot of the PSP values against each other for the shared principal OTUs in the assemblages from the upper or lower water column.](mSphere.00364-20-f0005){#fig5}
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Relative abundance and taxonomic identity of dominant OTUs (PP \> 0.002) shared between the upper water column free-living and particle-associated assemblages. Values in parentheses adjacent to sample identifiers correspond to the percentage of reads that correspond to 10 reads per sample. The highlighted values are those that correspond to ≥10 reads. Only samples where an OTU was represented by ≥10 sequences in both the DNA and RNA fractions were included in the PSP calculation to minimize biases associated with low-abundance OTUs. Download Table S3, XLSX file, 0.1 MB.
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The PSP values for the shared UW principal OTUs provided some additional insight into population dynamics and activity. For example, we observed a positive relationship when we plotted the PSP values for each habitat type against each other (*R*^2^ = 0.69) ([Fig. 5C](#fig5){ref-type="fig"}), demonstrating that the most active principal OTUs in the particle-associated fraction were also typically the most active in the free-living fraction. However, the majority of the shared OTUs exhibited higher PSP values on particles than when in the free-living fraction. These results suggest that although these shared OTUs are abundant in the free-living fraction, they show a higher per cell level of activity, and perhaps elevated growth rate, when associated with particles.

Several taxonomic features differentiated the two surface assemblages. For example, the UW-PA assemblage included principle OTUs assigned to chloroplasts (*Dinophysis*, *Haslea*, and OM81). *Cyanobacteria* and chloroplasts were common components of the surface particle-associated 16S rDNA and rRNA data sets in general but were consistently less abundant in the rRNA faction than in the rDNA fraction for paired data sets ([Fig. 2](#fig2){ref-type="fig"}). This observation suggests the chloroplast OTUs originate from less active or decaying phytoplankton. Although, short-term temporal variability in phytoplankton gene expression patterns could confound our PSP values due to the diel growth cycle of phytoplankton ([@B43]). Principle OTUs assigned to *Planctomycetes* (CL500-3 and agg8) were also specifically associated with the UW-PA assemblage and exhibited positive PSP values ([Fig. 4](#fig4){ref-type="fig"}). *Planctomycetes* are often implicated in the degradation of algal-derived polysaccharides ([@B44]) and proteins ([@B45]) and are likely playing an important role in particulate organic matter hydrolysis in the LSLE. A principal OTU assigned to *Actinobacteria* (ACK-M1) was associated with the UW-FL assemblage ([Table S1](#tabS1){ref-type="supplementary-material"}). *Actinobacteria* are typically associated with freshwater and terrestrial ecosystems ([@B46]), although marine lineages do exist ([@B47], [@B48]). An additional *Actinobacteria* (Microthrix) principal OTU was also identified in the LW-FL assemblage ([Fig. 4](#fig4){ref-type="fig"}). Hence, free-living populations of *Actinobacteria* appear to be widespread in the LSLE water column. Whether the specific *Actinobacteria* detected here represent true marine bacteria or terrestrial/freshwater lineages able to persist in the marine environment remains to be determined.

Bacterial assemblages associated with LSLE deep waters. {#s2.5}
-------------------------------------------------------

The habitat assemblages from the LSLE lower waters comprised a greater number of principal OTUs than the surface assemblages. There were 41 and 71 principal OTUs unique to the LW-FL and LW-PA assemblages, respectively ([Fig. 3C](#fig3){ref-type="fig"}). Compared to that of surface assemblages which exhibited considerable overlap in the taxonomic identity of principle OTUs, we observed a higher degree of taxonomic dissimilarity between the LW-FL and LW-PA assemblages ([Fig. 4](#fig4){ref-type="fig"}; see also [Tables S4](#tabS4){ref-type="supplementary-material"} and [S5](#tabS5){ref-type="supplementary-material"}). This dissimilarity was particularly strong between principal OTUs with positive PSP values. Principal OTUs assigned to *Alphaproteobacteria* and *Gammaproteobacteria* were among those with positive PSP values in both the LW-FL and LW-PA assemblages. However, a distinctive feature of the LW-PA assemblage was the occurrence of principal OTUs assigned to the Deltaproteobacteria ([Fig. 4](#fig4){ref-type="fig"}). *Planctomycetes* (CL500-3) were also a distinct feature of the LW-PA assemblage, but were among the OTUs with negative PSP values. The distinct and diverse taxonomic composition of the LW-PA assemblage demonstrated that lower-water particle-associated communities are the most diverse and distinct in the LSLE.
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Relative abundance and taxonomic identity of dominant OTUs (PP \> 0.002) from the lower water column free-living assemblage. Values in parentheses adjacent to sample identifiers correspond to the percentage of reads that correspond to 10 reads per sample. The highlighted values are those that correspond to ≥10 reads. Only samples where an OTU was represented by ≥10 sequences in both the DNA and RNA fractions were included in the PSP calculation to minimize biases associated with low-abundance OTUs. Download Table S4, XLSX file, 0.1 MB.
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Relative abundance and taxonomic identity of dominant OTUs (PP \> 0.002) from the lower water column particle-associated assemblage. Values in parentheses adjacent to sample identifiers correspond to the percentage of reads that correspond to 10 reads per sample. The highlighted values are those that correspond to ≥10 reads. Only samples where an OTU was represented by ≥10 sequences in both the DNA and RNA fractions were included in the PSP calculation to minimize biases associated with low-abundance OTUs. Download Table S5, XLSX file, 0.1 MB.
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Relative abundance and taxonomic identity of dominant OTUs (PP \> 0.002) shared between the lower water column free-living and particle-associated assemblages. Values in parentheses adjacent to sample identifiers correspond to the percentage of reads that correspond to 10 reads per sample. The highlighted values are those that correspond to ≥10 reads. Only samples where an OTU was represented by ≥10 sequences in both the DNA and RNA fractions were included in the PSP calculation to minimize biases associated with low-abundance OTUs. Download Table S6, XLSX file, 0.1 MB.

Copyright © 2020 Cui et al.

2020

Cui et al.

This content is distributed under the terms of the

Creative Commons Attribution 4.0 International license

.

In addition to the distinctive composition of the LW-PA assemblage, a lower level of connectivity between free-living and particle-associated communities in the lower waters of the LSLE than for the upper waters was also evident. For example, there was a lower contribution of shared principal OTUs exclusive to the lower water column assemblages (20 shared, which represents 32% and 22% for LW-FL and LW-PA assemblages, respectively) ([Fig. 5B](#fig5){ref-type="fig"}; see also [Table S6](#tabS6){ref-type="supplementary-material"}). A positive relationship between PSP values in FL and PA assemblages for OTUs was observed (*R*^2^ = 0.78), similar to that for the UW assemblages. However, whereas the shared UW principal OTUs exhibited higher relative activity when associated with particles, the opposite was true for these shared LW principal OTUs. Eighteen of the 20 OTUs shared between LW assemblages exhibited lower PSP values when associated with particles than with the free-living fraction. These results suggest that although these populations are common in the free-living and particle-associated communities, they are metabolically more active while freely suspended in the water column and may be maladapted to conditions, or even dead, on particles.

Particles formed in the surface water sink into the deep ocean, and it was recently shown that bacterial taxa attached to sinking particles can influence the structure of deeper bacterial communities ([@B13]). Such a process appears to play a role in structuring the lower water column particle-associated communities in the LSLE. For example, we identified five principal OTUs shared between the UW-PA and LW-PA assemblages. OTUs assigned to *Cyanobacteria* (*Spirulina* and *Fischerella*) were also in the LW-PA assemblage and had negative PSP values ([Fig. 4](#fig4){ref-type="fig"}). Moreover, 16S rRNA gene sequences assigned to UW-PA principal OTUs were common in deeper-water particle-associated samples (although not as principal OTUs of the LW-PA assemblage). In contrast, far fewer sequences assigned to LW-PA principal OTUs were identified in upper-water particle-associated samples. We interpret this as support for the notion that sinking particles are transporting surface taxa to the deep water of the LSLE, similarly to observations in the open ocean. However, whether or not these surface populations represent a supply of particulate organic matter for the bottom water community (presumably true for the *Cyanobacteria* and chloroplasts) or remain active in particle degradation remains to be determined.

The particle-rich bottom waters of the LSLE are persistently hypoxic ([@B32]). Bacterial respiration in particles may be capable of depleting oxygen concentrations further, creating anoxic microenvironments in particles ([@B16], [@B49]). This process may select for strict or facultative anaerobes ([@B10]). The most distinctive feature of the LW-PA assemblage was the occurrence of OTUs assigned to Deltaproteobacteria, which also showed positive PSP values characteristic of an elevated metabolic activity compared to that of other assemblage members. Phylogenetic analysis of these OTUs showed some are members of the uncultivated marine myxobacteria clade (MMC) and the uncultivated Nb1-j clade of Deltaproteobacteria ([Fig. 6](#fig6){ref-type="fig"}). The LSLE Nb1-j OTUs were closely related to sequences identified in the suboxic zone of the Black Sea ([@B50]), deep sea particles from the Puerto Rican Trench ([@B51]), and a range of marine sediments ([@B52], [@B53]). Myxobacteria are also common in marine sediments and have been suggested to be facultative anaerobes ([@B54]). These observations further support the notion that the deep LSLE particles represent a distinct bacterial habitat compared to that in the surrounding water column. The metabolic capabilities of these particle-associated communities and the roles they play in LSLE biogeochemistry and the formation of hypoxia warrant further attention.

![Maximum likelihood phylogenetic analysis of selected 16S rRNA OTUs associated with Deltaproteobacteria. Taxa in bold font are those from the LSLE. The tree was inferred from a MUSCLE alignment ([@B66]) comprising the publicly available near-full-length 16S rRNA gene and the short (100 bp) amplicons generated in the present study using MEGA version 6.0 ([@B67]).](mSphere.00364-20-f0006){#fig6}

Conclusion. {#s2.6}
-----------

In conclusion, we have identified and described bacterial assemblages associated with contrasting particle-rich environments in the upper and lower waters of the LSLE. We have also provided strong evidence that the particles in the deep hypoxic waters of the LSLE support a distinct bacterial community compared to that of surface particles and the FL communities. The partitioning of samples into four habitats (UW-FL, UW-PA, LW-FL, and LW-PA) may be relatively coarse for a dynamic coastal system defined by gradients in temperature, salinity, nutrient concentration, organic matter composition, and oxygen. Yet, the community structure modelling identified a single assemblage of bacterial taxa strongly associated with each habitat type, supporting the ecological relevance of the habitat designations. These results therefore provide an important ecological framework for further investigations of the biogeochemical contributions of bacterial populations in this important marine ecosystem.

Similarly to other coastal systems ([@B55], [@B56]) and estuaries ([@B11]), the phylogenetic compositions differed between FL and PA communities, a pattern that was most pronounced in the deeper waters. In addition, the high PSP values for OTUs strongly associated with the bottom boundary layer support other reports that the bottom boundary layer of coastal systems may be a biogeochemically unique habitat in the ocean ([@B17]). Future comparative studies coupling metagenomics and gene expression profiling of the deeper water communities will provide insights into the genomic composition and metabolic capacity of the poorly characterized particle-associated assemblages. The bottom boundary layer is partially composed of suspended particulate matter from surface sediments. It will also be informative to investigate the connectivity between bottom boundary layer and sediment communities to more strictly assess the habitat origin, ecology, and metabolism of the deeper water taxa, such as the Deltaproteobacteria lineages.

MATERIALS AND METHODS {#s3}
=====================

Sampling and environmental data. {#s3.1}
--------------------------------

Seawater samples were collected from five stations (S25, S23, S22, S21, and S20) along a transect of the LSLE using a conductivity, temperature, and depth (CTD) rosette in May 2011. Water samples (2 liters) for DNA and RNA were collected and processed by serially filtering through a Whatman GF/D filter (2.7-μm cutoff) and a 0.22-μm Sterivex-GV filter via a peristaltic pump. Filters were either stored in 1.8 ml of a sucrose lysis buffer (40 mM EDTA \[pH 8.0\], 50 mM Tris \[pH 8.3\], 0.75 M sucrose) for DNA extraction or RNAlater for RNA extraction. Environmental data collection and analysis were reported by Colatriano et al. ([@B25]).

Nucleic acid extraction. {#s3.2}
------------------------

DNA extraction was performed from 0.22-μm Sterivex filters for free-living bacteria and from 2.7-μm GF/D filters for particle-associated bacteria using a modified protocol described by Zaikova et al. ([@B57]). Cell lysis and digestion were conducted by thawing and adding 100 μl of lysozyme (concentration \[conc.\] 125 mg in 1,000 μl) and 20 μl of RNase A (conc. 10 μg/ml) to the filters containing biomass (either directly into the Sterivex filter or added to the GF/D filter in a 50-ml Falcon tube) followed by incubation in a rotating oven at 37°C for 1 h. We then added 100 μl of proteinase K (conc. 10 mg/ml) and 100 μl of 20% SDS to the filter and rotated again for 2 h more in the hybridization oven at 55°C. Lysate was transferred into 2-ml centrifuge tubes; 0.583 volumes of MPC protein precipitation solution (MPC) from MasterPure from Epicenter was added in order to precipitate the protein. A protein pellet was formed after centrifuging at a speed \>10,000 × *g* at 4°C for 10 min. The supernatant was transferred into another tube, and 0.95 volumes of isopropanol was added to precipitate the DNA, which was washed twice with 750 μl of 70% ethanol. Ethanol was removed, and the pellet was resuspended with 25 μl Tris buffer \[pH 7.5 to 8.0\].

RNA was extracted from separate filters than those used for the DNA using the mirVana miRNA isolation kit (Life Technologies, Burlington, ON, Canada) and the RNeasy RNA cleanup kit (Qiagen) according to the modified methodology described by Stewart et al. ([@B58]). Samples were thawed, and the RNAlater (Invitrogen) was removed. mirVana lysis buffer was added to the Sterivex filter unit or the GF/D filter and vortexed to lyse bacterial cells attached to the filter. Total RNA was then extracted from the lysate according to the mirVana protocol. Extracted RNA was treated with 2 units of DNase (New England BioLabs) at 65°C for 1 to 2 h to remove DNA and concentrated using the RNeasy RNA cleanup kit (Qiagen). The RNA extracted from samples was PCR amplified using the protocol described below and run on a 1% agarose gel in order to detect any DNA contamination after DNase treatment, in which case, the DNase treatment and RNA cleanup were repeated on those samples.

Generation of 16S rRNA sequence data from environmental DNA and RNA. {#s3.3}
--------------------------------------------------------------------

cDNA synthesis from 1 ng of RNA was performed by reverse transcription (RT) reactions using M-MLV reverse transcriptase (Invitrogen) and reverse primer DW926R. RT reactions proceeded by heat denaturing RNA at 65°C for 5 min and subsequently incubating at 37°C for 50 min. For PCR from genomic DNA or cDNA, we used universal primers for the V5 region of the 16S rRNA gene (DW786F, 5′-GATTAGATACCCTSGTAG-3′, and DW926R, 5′-CCGTCAATTCMTTTRAGT-3′) that were modified from those used by Baker et al. ([@B59]) to eliminate bias against marine *Alphaproteobacteria*. PCR mixtures (50 μl total volume) contained 0.5 μM each primer, 1× Phire reaction buffer containing 1.5 mM MgCl~2~ (Finnzymes, Thermo Fisher Scientific), 0.2 mM deoxynucleoside triphosphates (dNTPs), and 1 U of Phire Hot Start II DNA polymerase (Finnzymes, Thermo Fisher Scientific). Cycling conditions involved an initial 3-min cell lysis/denaturing step, followed by 30 cycles of 5 s at 98°C, 5 s at 49°C, and 10 s at 72°C, and a final elongation step of 1 min at 72°C. Sample barcoding, library construction, and DNA sequencing were performed using an Ion Torrent PGM system on a 316 chip with the Ion Sequencing 200 kit as described in reference [@B60].

Bioinformatic analysis of 16S rRNA gene sequences. {#s3.4}
--------------------------------------------------

V5 16S rRNA sequences were analyzed using the Mothur pipeline ([@B61]). Sequences with an average quality of \<17, length of \<100 bp, or that did not match the IonXpress barcode and both the PCR forward and reverse primer sequences were discarded. Potential chimeric sequences were identified using UCHIME ([@B62]) and also discarded. Sequences were clustered into operational taxonomic units (OTUs) at 97% identity using the furthest-neighbor algorithm. Sequences and OTUs were assigned to taxonomic groups using the Silva database ([@B63]) and the Greengenes taxonomy ([@B64]) using the Wang method and a bootstrap value cutoff of \>60% as implemented in Mothur. We included OTUs assigned to *Cyanobacteria* and chloroplasts in further analyses. In doing so, we may have biased our estimates of other bacterial taxa, but the *Cyanobacteria* and chloroplast data provided valuable information on phytoplankton dynamics in surface waters and transport of particles from surface to deeper waters.

Statistical analyses. {#s3.5}
---------------------

Nonmetric multidimensional scale (NMS) ordination of OTU relative abundances was performed using Bray-Curtis distances forced to 2 axes with 250 iterations and a stability criterion of 10^−4^, implemented in PC-ORD. ANOSIM was used to compare intra- versus intersample similarity indices. PSP values for principal OTUs were calculated as the average of log~2~(rRNA/rDNA) of paired samples. Only samples where an OTU was represented by ≥10 sequences in both the DNA and RNA fractions were included in the PSP calculation to minimize biases associated with low-abundance OTUs.

The Bayesian modelling framework called BioMiCo was used to infer how assemblages of OTUs are mixed to form communities. A complete description of the model was provided by Shafiei et al. ([@B34]). The model was supplied with 16S rRNA OTU abundance data, and the community composition of each sample was modeled by applying a Dirichlet prior to the parameters of the multinomial distribution. Under BioMiCo, the inference of community structure employs supervised learning. Collapsed Gibbs sampling (2,000 iterations) was used to learn the posterior distribution of the mixture weights given the assigned habitat types (surface free living, surface particle associated, deep free living, deep particle associated) for the 48 samples collected from the LSLE transect. It is during this "training phase" that the model learns which assemblages are associated with the habitat types. A large posterior mixing probability is taken as evidence of an association between an assemblage and a habitat type. To guard against unnecessary community complexity, we choose the concentration parameter values for the Dirichlet prior to be close to zero (α~θ~ = 0.01). Because we had no prior preference for a particular assemblage, we used a symmetric Dirichlet prior. The sparsity introduced by this prior solves model identifiability issues, reduces model variance, and improves model interpretability ([@B34]). Indeed, using the prior in this way was effective for these data. The model was run by assuming 100 possible assemblages. The same strategy was employed with the prior placed on the OTU composition of an assemblage; i.e., we employed a sparse symmetric Dirichlet prior with concentration parameters set close to zero (α~ϕ~ = 0.01).

Data availability. {#s3.6}
------------------

All 16S rRNA sequence data are available as a Dryad data set at <https://doi.org/10.5061/dryad.4f4qrfj8d>.
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